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ABSTRACT
Comparative genomics is a powerful means to gain
insight into the evolutionary processes that shape
the genomes of related species. As the number of
sequenced genomes increases, the development
of software to perform accurate cross-species
analyses becomes indispensable. However, many
implementations that have the ability to compare
multiple genomes exhibit unfavorable computation-
al and memory requirements, limiting the number of
genomes that can be analyzed in one run. Here, we
present a software package to unveil genomic
homology based on the identification of conserva-
tion of gene content and gene order (collinearity),
i-ADHoRe 3.0, and its application to eukaryotic
genomes. The use of efficient algorithms and
support for parallel computing enable the analysis
of large-scale data sets. Unlike other tools,
i-ADHoRe can process the Ensembl data set, con-
taining 49 species, in 1 h. Furthermore, the profile
search is more sensitive to detect degenerate
genomic homology than chaining pairwise collinear-
ity information based on transitive homology.
From ultra-conserved collinear regions between
mammals and birds, by integrating coexpression
information and protein–protein interactions, we
identified more than 400 regions in the human
genome showing significant functional coherence.
The different algorithmical improvements ensure
that i-ADHoRe 3.0 will remain a powerful tool to
study genome evolution.
INTRODUCTION
During their evolution, genomes have been altered at
various levels. At the smallest scale, point mutations and
small insertions and deletions (1) affect only a few nucleo-
tides. Larger modifications include duplication, deletion,
translocation or inversion of a single gene or genomic
segment (2). At the largest scale, the entire genome can
be doubled via genome duplication or merging (3–5).
Identification of these structural rearrangements
provides insight into how genomes have evolved and
diverged over time. It is therefore of crucial importance
to correctly determine chromosomal regions that are hom-
ologous (i.e. derived from a common ancestor), either
within a genome, or between genomes of related species.
Genomic homology can be inferred from collinearity,
namely the conservation of both gene content and gene
order. Synteny, though initially defined as ‘the property of
being located on the same chromosome’ (6), is often used
to indicate the conservation of gene content but not ne-
cessarily gene order (7). Like collinearity, synteny also
points to homology between different genomic regions
based on a number of shared genes (8,9).
Detection of collinear regions between the genomes of
related species allows for the identification of chromosom-
al fusions and fissions, along with inverted or translocated
regions. Additionally, gene loss and gain can be efficiently
estimated, and cross-species genome analysis provides a
framework for transferring gene annotation and biological
information to newly sequenced genomes. Finally,
orthologous intergenic sequences derived from collinear
regions can be screened for conserved non-coding
regions as a way to detect regulatory motifs and to
identify various types of RNA genes (10). As both gene
loss and different types of rearrangements accumulate
over time, the resulting genome erosion gradually
reduces the degree of collinearity between species.
Therefore, gene order preserved over a large phylogenetic
distance can imply a biological constraint (11).
Collinear regions within a genome can also hint at the
occurrence of one or more rounds of whole-genome du-
plications (WGDs) (9,12). Based on within-genome collin-
earity, the loss of gene duplicates created during a WGD
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can be estimated (13–15), whereas the functions of genes
retained in duplicate can be linked to lineage or
species-specific adaptations, including specific pathways
and biological processes. WGDs appear to have played
a crucial role in the evolution of all major eukaryotic
lineages and, particularly in plants, they are often
associated with key events during evolution including
fast adaptive radiation (4,16) and survival of mass extinc-
tion events (17). Additionally, gene family expansions
critical for the pome fruit development in apple (Malus
domestica) (18) have been linked to a recent WGD,
whereas expansions in genes producing aromatic com-
pounds have been observed in grapevine (Vitis vinifera)
(19). Although remnants of several recent WGDs are
abundant in the plant kingdom, WGDs in land vertebrates
and fishes are seemingly much older (20,21). In verte-
brates, the complex body plan is often attributed to the
duplication of developmental genes during two WGDs
450 million years ago (Mya) (21). The first traces of a
WGD have been unveiled in Saccharomyces cerevisiae
based on comparative approaches (22). Additional proof
for the WGD in brewer’s yeast has been provided later by
comparison with the genome of an unduplicated outgroup
species, Kluyveromyces waltii (23). The more complex
carbohydrate metabolism of S. cerevisiae and other
post-duplication yeast species is probably a direct conse-
quence of this duplication (24). Therefore, the discovery of
large-scale duplications, through the study of collinear
regions, has provided a remarkably detailed view on the
genomic evolution and adaptation of various species.
Here, we focus on the accurate detection of homologous
chromosomal segments both within and between the
genomes of related species. Specifically, sensitive and
accurate algorithms are needed for the identification and
evolutionary analysis of duplicated regions that have
undergone massive gene loss. Several tools, by means
of various approaches, have recently been proposed
(Supplementary Table S1). Whereas most tools only
perform pairwise comparisons, the iterative Automatic
Detection of Homologous Regions (i-ADHoRe) (25)
was one of the first that simultaneously analyzed
genomes of multiple species and allowed for the detection
of highly diverged collinear regions. On the one hand,
i-ADHoRe has been used in several genome projects to
uncover the remnants of large-scale duplications [e.g.
apple (M. domestica) (18), soybean (Glycine max) (26),
Arabidopsis lyrata (27) and black cottonwood (Populus
trichocarpa) (28)], and, on the other hand, to detect
inter-species collinearity in yeasts (29) and Archaea (30).
In contrast to tools that infer genomic homology through
a multiple sequence alignment of complete genomic DNA
sequences (31–34), i-ADHoRe detects genomic homology
through the identification of gene collinearity and/or
synteny. The core feature of i-ADHoRe 3.0, which is
based on a new alignment algorithm (35) and improved
statistical evaluation, is the ability to handle large
numbers of genomes. Due to the further optimization of
many algorithmic steps, the current version of i-ADHoRe
3.0 is roughly 30 times faster than the previous version.
In addition, i-ADHoRe 3.0 can now take advantage of a
parallel computing platform, reducing the runtime even
further. For large data sets, the combination of improve-
ments in the sequential algorithm and the parallelization
results in overall speedup of a factor of 1000. Here, we
demonstrate that i-ADHoRe is capable of processing
much larger datasets than the current state-of-the-art
tools. In particular, the complete Ensembl release 57
(36) data set that contains 49 eukaryotic genomes can be




The Arabidopsis thaliana and V. vinifera genomes to-
gether with gene family information were retrieved from
PLAZA, an on-line plant comparative genomics resource
(13) that provides gene families constructed with
Tribe-MCL clustering (37) starting from an all-against-all
BLAST (38) protein similarity search. The E-values and
bit scores were saved, because these values are necessary
for Cyntenator (39) and MCScan (40). The lengths for
Carica papaya gene lists were also obtained via PLAZA.
Animal genomes and families were downloaded from
Ensembl (release 57) with the Ensembl Perl API (41).
An all-against-all BLAST protein similarity search was
done to obtain bit scores and E-values. An overview of
all included species in both PLAZA and Ensembl is
included in Supplementary Table S2.
Detection of collinearity
The initial steps of the algorithm (Supplementary Figure
S1) are identical to i-ADHoRe 2.0; tandem duplicated
genes are mapped to a single representative and for each
pair of gene lists a gene homology matrix (GHM) is
generated (Figure 1A). In this sparse matrix, pairs of hom-
ologous genes are represented as dots and as such collinear
regions will appear as dense diagonals. Compared to the
previous i-ADHoRe version, several major components of
the algorithm were re-implemented for a better perform-
ance. First, the statistical validation of the clusters in the
GHM was improved. To avoid inclusion of diagonals in
the GHM generated merely by chance, the significance of
each cluster is now estimated with a statistical model that
takes into account the overall background density of the
matrix. When multiple seeds (i.e. clusters with at least
three homologous gene pairs that meet the initial
criteria) were found, a correction for multiple hypothesis
testing was done either with the Bonferroni or False
Discovery Rate (FDR) (42,43) method.
Significant collinear regions found during this initial
detection were converted into a profile, both collinear
regions were aligned, i.e. homologous genes are
placed in the same column adding gaps where necessary
(Figure 1B). Like in previous versions of i-ADHoRe this
alignment can be done by progressively applying the
Needleman–Wunsch (pNW) algorithm or a greedy graph
(GG) based alignment strategy. In version 3.0, a novel
alignment algorithm (GG2), described in Fostier et al.
(35), was implemented. Using this aligned profile, a new
search is performed (Figure 1C), here a GHM is created
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with the profile and all gene lists in the data set. Significant
regions are added to a new profile and the profile search is
repeated (Figure 1D). With a single profile, multiple
segments can be found that are homologous to the
profile but not necessarily to each other (Figure 1E and
F). In this case, several profiles are generated and the de-
tection algorithm continues detection with the longest
profile first. Once no additional segments can be found
the search continues with the next profile.
Additionally, the initial pairwise and profile searches
can now be executed on a parallel computing platform
(a multiprocessor/multicore systems or a computational
cluster of networked computers). If N the number of
gene lists provided as an input to i-ADHoRe, the
N(N+1)/2 pairwise comparisons could be processed inde-
pendently and, hence, distributed over different processes.
The size of each gene list was taken into account to ensure
a good load balance between the processes. At the end of
this step, the detected collinear regions are communicated
[using the Message Passing Inteface (MPI)] among the
processes. Similarly, a single profile search can be
parallelized by distributing the N gene lists among the
different processes, again taking the size of the chromo-
somes into account. At the end of every profile search, the
detected collinear regions were again communicated
between the processes. However, due to the much
smaller task granularity of one single profile search, a
good load balancing was more difficult to achieve.
Methods accompanying the novel synteny mode (detec-
tion of genomic homology purely based on shared gene
content) can be found in the Supplementary Methods S1
and Table S3.
Empirical estimation of false positive rates
False positive (FP) rates were calculated with permutation
tests in which 100 randomized data sets were compared
with a real reference data set. Tandem duplicated genes
(homologs within a window of 70 genes) were removed
prior to shuffling the reference data set to generate a
randomized version. This pre-processing step guaranteed
a comparable density in the randomized run because
breaking up tandem-clusters artificially increased the
GHM background density. All genes had their original
orientation replaced with a randomly assigned one. The
lengths of the original gene lists were maintained during
the randomization, but genes could be moved from one
gene list to another. To estimate the performance with
different settings, a permutation test was carried out for
each of the desired settings, generating parameter land-
scapes for Arabidopsis, human and yeast, with various
combinations of q_value and gap_size parameters.
Settings that yielded the maximum amount of anchor
points, while maintaining a FP rate near the selected
cut-off value were considered as optimal (Supplementary
Methods S2).
Figure 1. (A) GHM for the initial two segments (Seg I and Seg II). In a GHM, collinear regions will appear as dense diagonals. (B) Alignment of
shared homologs between collinear regions; gaps are introduced to place as many homologous pairs in the same column as possible (35). The
alignment (or ‘profile’) now contains the information of both segments. (C) Start of the iterative process, GHMs are now created with the profile and
additional collinear regions can be found, e.g. Seg III. (D) Generation of a new profile. As long as additional segments can be found steps (C) and
(D) are repeated. In this example (E) and (F) show how a single profile detects two additional segments that are mutually non-homologous (Seg IV
and V), leading to a split in the detection process.
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Comparison with MCScan and Cyntenator
BLASTP pairs for MCScan were filtered and only the best
five hits in each species were retained (40). Because in
MCScan first proteins are clustered to group homologous
genes in gene families, this step was excluded when moni-
toring runtimes for the different tools. Cyntenator was
also run with filtered BLASTP output, retaining only the
top five hits for each species if their bit score was within
95% of the highest bit score [as described in Rödelsperger
et al. (44)]. The gap and mismatch penalties were set to
0.3, the threshold to 2 and the filter to 1000. i-ADHoRe
was run with a gap_size of 30 and cluster_gap of 35, while
keeping the prob_cutoff on 0.01 and the q_value on 0.75.
GG2 was used as the alignment algorithm and correction
for multiple hypothesis testing was done with FDR.
The minimal number of anchor points in a cluster was
set to five.
Detection of highly conserved regions enriched for
coexpressing/interacting gene pairs
Phylogenetic profiles, describing the number of homolo-
gous regions per species present in a multiplicon, a
set of mutually collinear regions, were generated for all
multiplicons in the output from the high-quality
Ensembl subset. Multiplicons with one human and one
bird (either chicken or zebra finch) segment and with
conserved segments of at least five other mammals were
selected. From these regions, the human segment was
identified and the genes collinear with genes from other
segments were stored. Expression data were derived from
COXPRESdb version c3.1 (45) and highly expressed gene
pairs were selected based on a mutual rank below or equal
to 50. Experimentally characterized interacting protein
pairs (41 088 binary interactions for 9142 human genes)
were downloaded from IntAct (46). Using Ensembl’s
BioMart tool, a conversion table was generated to map
all gene identifiers in these data sets to the Ensembl genes.
For each selected multiplicon, the length of the human
segment and number of human collinear genes were
determined. Then, the number of coexpressed or interact-
ing pairs was counted. When at least one human gene pair
was found, the statistical significance was tested with a
permutation test. Over 10 000 iterations, a random
segment from the human genome (with the tandem
duplicated genes removed) was sampled with the same
length as the selected multiplicon. From the random
region, an equal number of genes was randomly selected
as collinear and, the number of coexpressed or protein–
protein interaction pairs in this gene set was established.
The number of iterations in which a number of pairs was
equal or larger than that found in the real data set were
counted and used to calculate a P-value for each
multiplicon. All regions with a P< 0.05 were considered
significant.
Evaluation of low quality genomes
To artificially reduce the quality of the Arabidopsis
genome, the gene list length distribution of the papaya
genome was used as a template to split the Arabidopsis
gene lists in fragments resembling a draft assembly.
i-ADHoRe was executed on both the Arabidopsis
genome and the artificial low-quality version. The collin-
ear fractions were measured by enabling the write_stats
option in i-ADHoRe. Supplementary Methods S3 de-
scribes an additional study that further addresses this
issue, using various vertebrate genomes.
RESULTS AND DISCUSSION
The i-ADHoRe 3.0 algorithm
The detection strategy of i-ADHoRe 3.0 is shown in
Supplementary Figure S1 (25,47). First, tandem
duplicated genes are mapped onto one single representa-
tive gene, because tandem clusters can hinder the detection
of diagonals (see further). Next, for each pair of chromo-
somes or scaffolds, a so-called gene homology matrix
(GHM) is generated. A GHM is a sparse matrix in
which homologous gene pairs are marked by dots and
collinear regions appear as ‘diagonals’. For each
detected diagonal, the statistical significance is evaluated
(Figure 1A). Significant collinear regions are aligned into a
profile (Figure 1B) that contains the combined gene
content of the two collinear regions and can hence be
used as a more sensitive probe to scan for additional col-
linear regions (Figure 1C and D). This step is iterated as
long as new collinear regions are found and mutually
homologous regions are grouped into a multiplicon.
Even though the profile search requires an increased com-
putational cost, it has proven its merits as a means to
detect more degenerate genomic homology (12,25,48).
In order to deal with increasingly large data sets,
various parts of the original i-ADHoRe code (47) have
been replaced by equivalent algorithms with a reduced
computational complexity. A first major improvement
was the development of an efficient statistical model to
estimate the significance of diagonals in the GHM,
because the computational cost to calculate the exact
P-value (49) increases exponentially with the number of
gene pairs that shape the diagonal. The Arabidopsis
thaliana data set was analyzed with different P-value
thresholds and an empirical FP rate for each threshold
was determined using permutation tests (Supplementary
Figure S2). The combination of better heuristics and the
implementation of a correction for multiple hypothesis
testing (Bonferroni or FDR) resulted in a more realistic
estimation of P-values and consequently improved the
control of the FP rate compared to the previous statistical
model. Benchmarks including other model organisms and
the effects of using different parameter settings are
reported in Supplementary Tables S4–S6.
In the iterative search procedure, additional collinear
regions are identified and the corresponding profiles are
updated in every step. Therefore, an accurate alignment
algorithm is imperative for the sensitive discovery of more
degenerate collinear regions (Figure 1C and D).
Originally, i-ADHoRe relied on the progressive applica-
tion of the pairwise Needleman–Wunsch (pNW) algo-
rithm to align multiple homologous segments into
profiles (47). Whereas with the Needleman–Wunsch
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algorithm an optimal pairwise alignment of two segments
can be obtained, its quality quickly degrades due to the
propagation of erroneous decisions in early align-
ment steps when additional segments are added (50).
To resolve this issue, a greedy, graph-based (GG) aligner
had been introduced into i-ADHoRe 2.0 that con-
verted the alignment problem into a cycle-canceling
problem in a graph (25). Whereas this implementation
provided a viable solution for the ‘once a gap, always a
gap’ problem, it was unable to outperform the pNW
aligner in terms of number of correctly aligned homolo-
gous genes. In i-ADHoRe 3.0, a novel greedy,
graph-based aligner (GG2) was featured that, by means
of maximum flow calculations in the graph, resolved effi-
ciently unalignable sections in the graph (conflicts). Even
though this graph-based method is computationally more
intensive than the application of the pNW aligner, fast
heuristics allow this algorithm to be efficiently used (35).
Finally, two practical issues arise when multiple
genomes are compared: the processing time and the
memory requirements. Whereas the runtime increases
super-linearly with the size of the data set, i.e. faster
than the number of genomes that are analyzed, the mem-
ory requirements are mainly determined by the number of
homologous gene pairs. To limit the runtime and, hence,
facilitate the analysis of large-scale data sets, the two most
time-consuming parts of the algorithm were parallelized
(Figure 1, green boxes): the initial all-to-all pairwise com-
parison (every gene list versus every gene list) and the it-
erative profile searches (one profile versus every gene list).
The parallelization of the all-to-all pairwise step revealed
that by using a dataset of 31 high-quality genomes
(Supplementary Table S2) and 64 CPU cores, a 46-fold
increase in speed (Supplementary Figure S3) was
observed. Searching additional collinear regions in
a gene list using a profile is more difficult to parallelize,
because of more intense communication requirements
between the subtasks and hence a larger communication
overhead. Overall, the runtime for the complete algo-
rithm was reduced 32-fold on 64 cores, corresponding
to a parallel efficiency (relative reduction in runtime
compared to one with one single core, over the number
of cores used) of 50%.
Evaluation of gene-based collinearity detection tools
When genomes with remnants of WGDs are dealt with or
when highly diverged genomes are compared, gene loss
and different types of rearrangements can interfere with
the accurate detection of duplicated or homologous col-
linear regions (7,9). To the best of our knowledge, only
Cyntenator (39), MCScan (40) and i-ADHoRe go beyond
simple pairwise comparison and combine, via different
approaches, information to find additional homologous
regions. Cyntenator performs progressive pairwise com-
binations based on a user-defined species tree that
strictly imposes the order in which genomes are
compared. Only valid alignments including homologous
regions from all species are retained to find collinearity
with the next genome in line. Unlike the profile search
of i-ADHoRe, in MCScan each chromosome is used as
a reference and all pairwise collinear segments are
mapped, followed by a multiple alignment procedure of
homologous genes, inspired by the threaded blockset
aligner (34). MCScan allows pairing regions that had ini-
tially not been detected based on their collinearity with the
reference, a method referred to as ‘transitive homology’
(47). Unlike some tools (Supplementary Table S1),
Cyntenator, MCScan and i-ADHoRe use ordered gene
lists rather than the actual genome sequence. This level
of abstraction allows for an efficient detection of collin-
earity. An additional advantage is that more diverged
intergenic sequences do not interfere with the discovery
of ancient collinearity or synteny.
To benchmark the application of a profile search versus
transitive homology mapping of pairwise collinear
segments, i-ADHoRe and MCScan were executed on the
Arabidopsis thaliana data set to identify degenerated
duplicated segments. Cyntenator was excluded from this
experiment, because it does not allow detection of internal
duplications. Figure 2 shows the number of genes present
in regions with a certain level, indicating the total number
of homologous segments. Although i-ADHoRe and
MCScan use very different approaches, the number of
genes in collinear regions was comparable (23 912 and
24 559, respectively), but the profile search enabled
i-ADHoRe to group more genes in regions with level
four (4499 versus 2669 genes), five (1223 versus 891) and
six (1318 versus 340). This result implies that the more
advanced profile search allows for a more sensitive detec-
tion of collinear regions compared to the progressive
chaining in MCScan.
To evaluate the discovery of inter-species collinearity,
the three tools were applied to analyze a small subset of
the genomes available in Ensembl, namely human (Homo
sapiens) (51), chimpanzee (Pan troglodytes) (52), mouse
(Mus musculus) (53), chicken (Gallus gallus) (54) and puf-
ferfish (Tetraodon nigroviridis) (55). For each gene, all
overlapping homologous segments were retrieved and
the highest number of species found in one single align-
ment (or multiplicon) was scored. In contrast to
Cyntenator, MCScan and i-ADHoRe collapse tandem
genes into one single representative and, therefore, re-
ported fewer genes. The predefined species order applied
by Cyntenator to compare genomes forms a major
drawback for large-scale analyses including multiple
species. For instance, a region that is collinear between
human and mouse, but for which the homologous coun-
terpart in the chimpanzee lineage was lost, will not be
reported because only collinear regions from the first
pairwise comparison (i.e. human and chimpanzee) are
retained to identify additional collinearity in mouse.
Therefore, a fair comparison was possible only for
regions in which collinearity was conserved in all five
species. Whereas using MCScan and Cyntenator, 416
and 498 genes were assigned to such regions, respectively,
the profile search applied by i-ADHoRe allocated 3296
genes in multiplicons containing regions conserved in all
five species (Supplementary Figure S4).
Fast algorithms that exhibit a favorable computational
complexity are imperative to keep pace with the
ever-increasing number of available genomes. Therefore,
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the runtime of all three programs was first monitored on
the data set of the five species. i-ADHoRe, the only
tool that takes advantage of a parallel environment, was
executed using a single and eight threads, respectively, on
a multicore machine. Because, MCScan first clusters
proteins into gene families, a step not part of the actual
collinearity detection algorithm, the program runtime was
measured without this pre-processing step (Figure 3).
Whereas Cyntenator required 6.25 h to analyze the five
genomes, MCScan and i-ADHoRe were considerably
faster, analyzing the data set in 19 and 14min, respective-
ly. When i-ADHoRe was run with eight cores, the runtime
was reduced to only 3min.
In a second experiment, the maximum number of
genomes that could be analyzed was determined by pro-
cessing data sets of gradually increased size (Figure 3).
Only i-ADHoRe succeeded in analyzing the complete
Ensembl data set covering 49 species (832 666 genes).
Although Cyntenator could analyze up to 17 high-
coverage genomes (39), the detection approach based on
the strict usage of a guidance species tree posed a problem
for data sets that include genomes sequenced at low
coverage. As a result, inclusion of low-coverage or
fractionated genomes into a large data set quickly
eroded the amount of collinearity found, abruptly
terminating the algorithm and leading to missing data
when 10 or more genomes were included in the benchmark
data set. For MCScan, the largest possible data set that
could be analyzed in 48 h included 20 species (Figure 3);
although within 168 h also 30 species could be covered,
this duration however is impractically long for the efficient
processing of extremely large data sets. In contrast,
i-ADHoRe finished the full Ensembl data set covering
49 genomes within 42 h using a single CPU core. This
runtime could be reduced to 6 h using the eight
cores (88% efficiency). Finally, when using eight such
machines (i.e. 64 cores in total) that are connected
through a fast communication network (Infiniband),
the runtime decreased to 40min (50% efficiency;
Supplementary Figure S3). An additional advantage of
i-ADHoRe is that gene families rather than individual
homologous gene pairs can be used to construct the
GHM, whereas in both Cyntenator and MCScan, per
query gene, a limit of five homologous genes in each
other species (based on BLAST hits) is suggested.
Furthermore, the usage of gene families is a more
memory-efficient alternative than storage of all homolo-
gous gene pairs covering multiple genomes. Although for
small data sets, i-ADHoRe utilizes more memory than
MCScan and Cyntentor, the required memory scales
linearly with the total number of genes and remains
below that of MCScan once the data sets include 20 or
more genomes (Figure 3).
Biological significance of ultra-conserved multispecies
collinearity
Starting from 25 293 genomic scaffolds present in the
Ensembl data set, 319 245 multiplicons were identified,
some of which contained homologous regions from
more than 20 species. The ‘largest’ multiplicon contained
33 segments from 22 species and included several
homeobox Dlx proteins. Several HOX gene clusters
including homeobox transcription factors were also
found in a few high-level multiplicons (HOX D, level 28;
HOX C and HOX D, level 22; HOX A and HOX D, level
25; HOX B and HOX D, level 20). This region is known to
be highly conserved across species because these genes,
involved in development of the body plan, require
Figure 2. Distribution of the fraction of genes (n) found in sets of homologous genomic segments (multiplicons) with different levels (m) by MCScan
and i-ADHoRe, respectively. Level 1 indicates the fraction of genes that was not found in any collinear region. The cumulative curve (i.e. the sum of
all genes with the indicated level or lower) remains lower for i-ADHoRe, indicating that a larger fraction of the genome could be grouped into higher
level multiplicons.
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correct order to function (56). The HOX cluster was
duplicated and retained during two rounds of WGD in
the ancestor of the vertebrates over 450 Mya (21), and
since then the HOX A, HOX B, HOX C and HOX D
clusters diverged significantly (57).
Many genes coding for interacting proteins are robust
against rearrangements (11) and clusters of coexpressed
genes conserved between human and mouse have been
reported (58). Given the large set of species, regions
where gene order is strongly conserved over a large phylo-
genetic distance were delineated (see ‘Materials and
Methods’ section). Next, we assessed whether genes in
these strongly conserved regions showed significant func-
tional clustering. Briefly, experimental protein–protein
interaction data and coexpression information were used
to determine whether a highly conserved region was sig-
nificantly enriched for interacting proteins or genes
showing coordinated expression profiles. Coexpression is
frequently used as a strong indicator for functionally
related genes (‘guilt by association’). Also, interacting
protein pairs are known to have a high chance to be
involved in the same biological process (59). From the
output of the high-quality subset, multiplicons with a
strong conservation between either chicken or the
songbird zebra finch (Taeniopygia guttata) (60), human,
and at least five other mammals were extracted. Out of
these 2863 multiplicons, 466 regions containing 2424
human genes, were significantly enriched (P< 0.05) for
coexpressed pairs and/or gene pairs coding for interacting
proteins (Figure 4). Mapping of these regions to a
chromosome conservation plot depicting collinearity
with all the 23 species included revealed that these
regions are often among the most conserved in the
genome (Supplementary Figure S5). A full list of
conserved regions showing functional clustering, including
the human genes within these regions and P-values for
functional enrichment, can be found in Supplementary
Table S7.
Significant enrichment of coexpressed and interacting
protein pairs points toward an evolutionary constraint
to conserve gene order in these regions. These results
provide further evidence that gene order in vertebrates is
non-random and might play a considerable role in regu-
lation of gene expression. However, the precise mechanism
of the observed coexpression remains an open question,
because transcription factors, chromatin modifications
(61), and long-range enhancers are likely candidates to
play a role in this process.
Performance on low-coverage and fractionated genomes
Whereas new techniques greatly speed up the sequencing
of novel genomes at a low cost, short-read lengths make it
difficult to assemble reads into full chromosomes without
genetic maps or a finishing phase (30,62,63). The same is
true for genomes sequenced with traditional Sanger
methods and low coverage (2) (64). Consequently,
these genomes are generally released as a collection
of annotated scaffolds instead of being assembled
into complete chromosomes or pseudomolecules. Draft-
quality genomes are usually sequenced to get an
overview of the overall gene content and, because most
gaps occur in repeat regions, the majority of the genes
are present despite the low coverage. However, for
studies focusing on genome organization and evolution,
Figure 3. Runtime and memory usage comparison of Cyntenator (39), MCScan (40) and i-ADHoRe (this study). Each tool was run on subsets of
the Ensembl data set each including a different number of species.
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inclusion of these low-quality genomes can become prob-
lematic (64). Consequently, we expect a genome sequence
provided as a large set of unassembled scaffolds to inter-
fere with the accurate detection of collinearity
(Supplementary Table S8).
For instance, to estimate the impact of low-quality
genomes on the detection of WGDs, the Arabidopsis
genome was used as a reference and randomly cut into
several artificial scaffolds with a length distribution com-
parable to the papaya (Carica papaya) genome (65) that is
available as 4635 scaffolds (containing on an average six
genes). The papaya genome was selected as a template
because it is a draft version, sequenced up to 3
coverage, and without assembly in pseudomolecules. The
Arabidopsis genome and the low-quality version were
analyzed without any additional genomes. As expected,
the number of genes that could be analyzed decreased
because scaffolds with less than five genes were discarded
(overall 17.47% gene loss). Whereas in the full genome
20 898 genes were found in duplicated regions (87.47%),
this number decreased to only 10 091 (42.23% of all genes
or 51.17% for the genes located only on scaffolds of suf-
ficient length) in the low-quality version. Additionally,
a drop in maximum level was observed: in the origin-
al genome up to seven homoeologous segments could be
grouped whereas in the low-quality version the maximum
level was five. However, including a genome reflecting the
ancestral genome organization, like that of grapevine, can
improve the number of genes found in collinear regions
considerably. With grapevine included, 18% more
Arabidopsis genes could be found in regions with level
two to five (counting only Arabidopsis segments).
Despite this increase in the number of genes found in
duplicated regions, no more than five Arabidopsis
segments grouped together after adding grapevine to the
dataset. Because the maximum level is often used as a
proxy for the number of large-scale duplication events
(12), this result implied highly fragmented genomes
organized in thousands of scaffolds are prone to misinter-
pretation when certain aspects of genome evolution are
studied.
CONCLUSION
We show that the novel version of i-ADHoRe represents a
major improvement over the current state-of-the-art algo-
rithms and can be successfully applied to some of the
largest data sets currently available.
As new sequencing initiatives such as the 1000 human
genome project (66), the 1001 Arabidopsis genomes (67)
and the 10 000 vertebrate genomes (68) will continue to
generate many more genome sequences, the improved
Figure 4. Gene order alignment of collinear regions conserved over a large phylogenetic distance (human–chicken). Species to which the segments
belong are given on every line by the boxes on the right: Homo sapiens (ho_sa), Pan troglodytes (pa_tr), Pongo pygmaeus (po_py), Macaca mulatta
(ma_mu), Mus musculus (mu_mu), Rattus norvegicus (ra_no), Cavia porcellus (ca_po), Bos taurus (bo_ta), Equus caballus (eq_ca), Canis familiaris
(ca_fa), Monodelphis domestica (mo_do) and Gallus gallus (ga_ga). Arrows indicate coding genes and their orientation. Homologous genes are
depicted in the same color. Coexpressed gene pairs are linked by black curved lines, of which the thickness of the line corresponds to the coexpression
level (based on the mutual rank of the human genes in CoXPRESDB). Blue curved lines link pairs of genes coding for interacting proteins
(in human). This region was found to be significantly enriched for coexpressed genes and, therefore, a biological constraint might cause gene
order in this region to be retained.
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scalability of i-ADHoRe is imperative to keep runtimes
acceptable. The support for parallel computing platforms
ensures that i-ADHoRe 3.0 will efficiently detect genomic
homology and will be instrumental to unveil genome evo-
lution in the different kingdoms of life.
AVAILABILITY
The i-ADHoRe 3.0 software package is available from
http://bioinformatics.psb.ugent.be/software. Source code,
documentation and example data sets are provided in the
package.
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